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,QWURGXFWLRQ
7KHELJDGYDQWDJHRIDGGLWLYHSURGXFWLRQSURFHGXUHV OLNHWKH/DVHU0HWDO'HSRVLWLRQ/0'LV WKHDELOLW\RID
OD\HUZLVHJHQHUDWLRQRISURGXFWVZLWKDSSOLFDWLRQUHOHYDQWPHFKDQLFDOSURSHUWLHVDQGZLWKRXWWKHQHHGRIH[SHQVLYH
IRUPJLYLQJWRROV7KHPDLQIRFXVOLHVLQWKHLQGLYLGXDOL]DWLRQRIWKHSURGXFWFRQFHUQLQJWKHJHRPHWULFFRPSOH[LW\DV
ZHOO DV WKH IXQFWLRQDOLW\ HYHQ IRU VPDOO VHULHV SURGXFWLRQ ,Q RUGHU WR EH DEOH WR SURGXFH WKRVH FRPSRQHQWV
HIILFLHQWO\ZLWKUHOLDEOHPHFKDQLFDOSURSHUWLHVDQGQHDUWKHILQLVKFRQWRXUDSURGXFWLRQFRQWUROZRXOGEHKHOSIXOIRU
DQHDUO\GHWHFWLRQRISURGXFWLRQGHIHFWV
1.1. Objective 
*RDORIWKHZRUNSDFNDJHÃIn-situ defect detectionµSDUWRIWKHUHVHDUFKSURMHFWµNext Generation Tools¶IXQGHG
E\WKH%D\HULVFKH)RUVFKXQJVVWLIWXQJLVWKHLQYHVWLJDWLRQLQKRZIDUDFRPELQDWLRQRIWKHUPRJUDSKLFLPDJLQJZLWK
RSWLFDO 'VFDQQLQJ DOORZV DQ LQVLWX GHWHFWLRQ RI SRWHQWLDO GHIHFWV GXULQJ WKH JHQHUDWLRQ RI LQGLYLGXDO ZHOGLJ
WUDFNV VR WKDW DQ LPPHGLDWH UHSDLU RI WKH GHIHFWLYH UHJLRQ EHFRPHV SRVVLEOH 3RWHQWLDO GHIHFWV FRPSULVH YRLGV
FDYLWLHVODFNRIFRQQHFWLRQRUIRUHLJQPDWHULDOLQFOXVLRQV'VFDQQLQJZLOOEHXVHGIRUPHDVXUHPHQWRIWKHVXUIDFH
VKDSH RI WKH ZHOGLQJ WUDFN DQG VXUIDFH GHIHFWV ZKHUHDV LQQHU IODZV ZLOO EH GHWHFWHG E\ WKHUPDO LPDJLQJ 7KH
LQVSHFWLRQ VKRXOG EH SHUIRUPHG GXULQJ SURGXFWLRQ ZLWKRXW LQFUHDVLQJ SURGXFWLRQ WLPH 7KLV ZRXOG DOORZ DQ
LQVWDQHRXVFRUUHFWLRQRIWKRVHGHIHFWVDQGOHDGWRDPRUHHIILFLHQWSURGXFWLRQLQWHUPVRIPDWHULDOFRVWVDQGWLPH
:LWKLQ WKLV FRQWULEXWLRQ ZH SUHVHQW LQLWLDO WDVNV FRQVLVWLQJ LQ D VLPXODWLRQ VWXG\ IRU WKH HVWLPDWLRQ RI WKH
H[SHFWHGWKHUPDOGHIHFWFRQWUDVWLQDZHOGLQJWUDFNDVHWRIILUVWWHVWPHDVXUHPHQWVDWDODEVHWXSDQGWKHUHVSHFWLYH
GDWDSURFHVVLQJ
1.2. State of the art 
/0' LV DQ LQGXVWULDOHVWDEOLVKHGPDQXIDFWXULQJ WHFKQRORJ\ IRU FRDWLQJ DQG UHSDLU DSSOLFDWLRQV RI LQYHVWPHQW
JRRGVVXFKDV WXUELQHEODGHVRUVKDSLQJ WRROV$FFRUGLQJ WR WKHVWDWHRI WKHDUW WKHSURFHVVDEOHPDWHULDOVSHFWUXP
UHDFKHVIURPSXUHPHWDOVVXFKDVQLFNHORUWLWDQLXPWRVWDLQOHVVVWHHOORZFDUERQWRROVWHHOVDQGQLFNHOEDVHDOOR\V
7KHUHE\WKHVXUIDFHRIDPHWDOOLFSDUWLVVHOHFWLYHO\PHOWHGE\DIRFXVHGODVHUEHDP6LPXOWDQHRXVO\PHWDOOLFSRZGHU
LVLQMHFWHGLQWRWKHJHQHUDWHGPHOWSRROE\DSRZGHUQR]]OHZKLFKLVFRD[LDOO\RUODWHUDOO\RULHQWHGWRWKHLQFRPLQJ
ODVHUEHDP$IWHUFRROLQJGRZQDQGVROLGLILFDWLRQDFODGWUDFNZHOGLQJWUDFNLVIRUPHGRQWKHVXEVWUDWHVXUIDFH7R
PLQLPL]HR[LGDWLRQRIWKHGHSRVLWHGPHWDO LQHUWJDVOLNHDUJRQRUKHOLXPLVXVHGDVSURWHFWLRQDQGWUDQVSRUWJDV
'XHWRWKHVWHDG\SURJUHVVLRQRIV\VWHPWHFKQRORJ\DQGWKHXVHRI&$'&$0VRIWZDUHIRUGDWDSUHSDUDWLRQLW LV
QRZDGD\VSRVVLEOHWRPDQXIDFWXUHWKUHHGLPHQVLRQDOVWUXFWXUHVRQIUHHIRUPVXUIDFHV,QWKLVFRQWH[WVLQJOHZHOGLQJ
WUDFNVDUHFORVHO\SODFHGLQDQRYHUODSFRQILJXUDWLRQWRHDFKRWKHUDQGRQWRSRIHDFKRWKHUXQWLOWKHUHTXLUHGSDUW
JHRPHWU\ LV EXLOW XS OD\HUZLVH%HVLGHV WKH DGGLWLYHPDQXIDFWXULQJRIPHWDOVPHWDOPDWUL[ FRPSRVLWH VWUXFWXUHV
DQG FRDWLQJV DQG WKH SURFHVVLQJ RI QRQPHWDOOLF PDWHULDOV VXFK DV FHUDPLFV DUH DFWXDOO\ REMHFW RI VFLHQWLILF
LQYHVWLJDWLRQV
$FFRUGLQJWRVWDWHRIWKHDUWWKHUHDUHQRVHQVRUVROXWLRQVRUFORVHORRSV\VWHPVFRPPHUFLDOO\DYDLODEOHWRGHWHFW
LQQHUGHIHFWVHJERQGLQJGHIHFWVSRUHVHWFRIWKHGHSRVLWHGPDWHULDOYROXPHGXULQJWKHDFWXDOGHSRVLWLRQSURFHVV
:LWKLQ WKH VFRSH RI WKH SUHVHQWHG DSSURDFK D WKHUPRJUDSK\ VHWXS LV XVHG LQ RUGHU WR GHWHFW LQQHU GHIHFWV RI
GHSRVLWHGZHOGLQJWUDFNVGLUHFWO\DIWHUVROLGLILFDWLRQRIWKHSODFHGZHOGLQJWUDFNV7KHUHLVDQXPEHURIFRQWULEXWLRQV
LQ WKH ILHOG RI PRQLWRULQJ RI WKH ODVHU PHOWLQJ SURFHVV $FWXDOO\ WKHUH LV QR VROXWLRQ DYDLODEOH UHDG\ IRU WKH
GHWHFWLRQRIGHIHFWVEHORZDQGDERYHWKHVXUIDFHRIWKHZHOGLQJWUDFNGXULQJSURGXFWLRQ
6LPXODWLRQRIWKHH[SHFWHGWKHUPDOGHIHFWFRQWUDVW
$VDILUVWVWHSDVLPXODWLRQVWXG\KDVEHHQSHUIRUPHGLQRUGHUWRHVWLPDWHWKHWKHUPDOFRQWUDVWSURSHUWLHVRIWKH
H[SHFWHG GHIHFWV &RPVRO0XOWLSK\VLFV VRIWZDUH SDFNDJH LQ LWV YHUVLRQ  KDV EHHQ XVHG2Q EDVLV RI D VWURQJO\
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VLPSOLILHGPRGHOOLQJRIWKHLPSLQJHGKHDWWUDQVIHUWKURXJKWKHODVHUEHDPWKHWHPSHUDWXUHDQGWKHWKHUPDOFRQWUDVW
VLJQDWXUHRIPRGHOOHGVLPSOLILHGIODZVZHUHHVWLPDWHG7KHPDLQDVVXPSWLRQFRQVLVWVLQWKHIDFWWKDWDWLQWHUIDFHVWR
IODZV GXH WR WKH ORFDOO\ VPDOOHU WKHUPDO FRQGXFWLRQ GHWHFWDEOH KRW VSRWV PLJKW DSSHDU FRPSDUHG WR WKH LQWDFW
PDWHULDO$VDGHIHFWJHRPHWU\GLVFOLNHLQFOXVLRQVRIDLUKDYHEHHQFKRVHQ7KHVLPXODWLRQGRHVQRWFRPSULVHWKH
PHOWLQJSURFHVVRIWKHPHWDOLWVHOIEXWRQO\WKHKHDWWUDQVSRUWWKURXJKDQH[FHSWWKHVLPXODWHGIODZVKRPRJHQRXV
PDWHULDO 7KH WRWDO HQHUJ\ WUDQVIHUUHG WR WKH ODVHU IRFDO VSRWZDV FKRVHQ VXFK WKDWPD[LPXP WHPSHUDWXUHV DW WKH
VXUIDFHZHUHLQWKHUDQJHRIWKHPHOWLQJWHPSHUDWXUHRIWRROVWHHO*HRPHWULFDOO\WKHGHIHFWVZHUHPRGHOOHGDVGLVFV
ZLWKLQDFXERLG7KHVXFFHVVLYHDSSOLFDWLRQRIVHYHUDOZHOGLQJWUDFNVVWDFNHGRQHDFKRWKHUZDVPRGHOOHGWKURXJKD
VPDOOZLGWKRI WKH FXERLG VXFK WKDWQR ODWHUDO WKHUPDO FRQGXFWLRQ WDNHVSODFH'LIIHUHQW JHRPHWULHVRI WKH IODZV
ZHUHPRGHOOHGWKURXJKYDULDWLRQRIGLDPHWHU WKLFNQHVVDQGGHSWKRIWKHGLVF7KHSURJUHVVLYHIHHGWKHODVHUKHDG
ZLWK UHVSHFW WR WKHPDWHULDOZDV DVVXPHG WREH FRQVWDQW7KH H[SHFWHG WKHUPDOGHIHFW FRQWUDVWZDVGHULYHG IURP
GLIIHUHQFLDWLRQ EHWZHHQ VLPXODWLRQV ZLWK DQG ZLWKRXW IODZV )LJ  VKRZV DQ H[HPSODU\ VLPXODWLRQ ZLWK WKH
UHVSHFWLYHGHIHFW FRQWUDVW FXUYHZKLFK UHSUHVHQWV WKH WKHUPDO FRQWUDVW IRU DQ LQGLYLGXDO ORFDWLRQDV D IXQFWLRQRI
WLPH'XHWRWKHKLJKWKHUPDOFRQGXFWLYLW\WKHPD[LPXPWKHUPDOFRQWUDVWRIWKHGHIHFWVLVUHDFKHGDOUHDG\DERXW
PVDIWHUH[FLWDWLRQ7KHUHIRUHDYHU\KLJKIUDPHUDWHWRN+]IRUWKHUPDOLPDJLQJLVGHVLUDEOH7KHUHDFKDEOH
IODZGHWHFWDELOLW\ZLWKDWKHUPDOFRQWUDVWEHWWHUWKDQ.LVPPGLDPHWHUIRUDGHSWKRIPPDQGPPDW
DGHSWKRIPP

)LJ/HIWKDQGVLGHVLPXODWHGVXUIDFHWHPSHUDWXURQEDVHPDWHULDORIPPZLGWK7KHDUURZSRLQWVWRWKHVLPXODWHGIODZRIPPGLDPHWHU
5LJKWKDQGVLGH'LIIHUHQFHLQWHPSHUDWXUEHWZHHQVLPXODWLRQZLWKDQGZLWKRXWIODZGHWHUPLQHGLQLWVFHQWHU7KHPD[LPXPWKHUPDOFRQWUDVWRI
.LVUHDFKHGDIWHUPV
([SHULPHQW
3.1. Experimental setup of the LMD process 
7KH SUHVHQWHG UHVHDUFK ZDV FRQGXFWHG DW WKH ,QVWLWXWH RI 3KRWRQLF 7HFKQRORJLHV RI WKH )ULHGULFK$OH[DQGHU
8QLYHUVLWlW 7KHUHE\ D FRPPHUFLDOO\ DYDLODEOH /DVHU 0HWDO 'HSVRLWLRQ PDFKLQH 7UX/DVHU&HOO RI WKH
FRPSDQ\7UXPSIZDVXVHG7KHPDFKLQH LWVHOI LV HTXLSSHGZLWK DGLVN ODVHU PD[LPXP ODVHUSRZHU3RIN:
ZDYHOHQJWKȜRIQPDD[LVPRWLRQV\VWHPDSRZGHUIHHGLQJXQLWDQGDODVHUSURFHVVLQJKHDGFRQVLVWLQJRI
DIRFXVLQJRSWLFDQGDWKUHHZD\SRZGHUQR]]OH7KHODVHUVSRWGLDPHWHURQWKHVXEVWUDWHSODQHZDVNHSWFRQVWDQWWR
PPIRUDOOSHUIRUPHGH[SHULPHQWV$VWUDQVSRUWJDVIRUWKHSRZGHUVWUHDP+HOLXPZDVXVHGZKHUHE\WKHJDV
VWUHDPZDVNHSWFRQVWDQWWROPLQ$WWKHVDPHWLPHDUJRQZDVDSSOLHGDVSURWHFWLRQJDV7KHSURWHFWLRQJDVIORZ
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
ZDVHYHQNHSWFRQVWDQWDW OPLQIRUDOOSHUIRUPHGH[SHULPHQWV7KH LQYHVWLJDVWLRQVDUHSHUIRUPHGZLWK
;&U0R9 WRRO VWHHO SRZGHU RI WKH 7/6 7HFKQLN *PE+ 	 6SH]LDOSXOYHU .* 7R LPSURYH WKH SRZGHU
IORZDELOLW\ DQG WR DFKLHYH D VWDEOH /0' SURFHVV WKH SRZGHU ZDV VLHYHG LQ RUGHU WR UHGXFH WKH ILQH IUDFWLRQ
FRUUHVSRQGLQJ WR SRZGHU SDUWLFOHV ZLWK DQ HIIHFWLYH GLDPHWHU VPDOOHU WKDQ  P$IWHU WKH VLHYLQJ SURFHVV WKH
SRZGHUSRVVHVVHVDQDSSUR[LPDWHO\*DXVVLDQSDUWLFOHVL]HGLVWULEXWLRQEHWZHHQPDQGPZKHUHE\WKHILQH
IUDFWLRQLVOHVVWKDQ9RO)XUWKHUPRUHWKHSRZGHUSDUWLFOHVKDSHZDVDSSUR[LPDWHO\VSKHULFDO:LWKLQWKHVFRSH
RIWKHSUHVHQWHGUHVHDUFKVLQJOHZHOGLQJWUDFNVDUHGLUHFWO\GHSRVLWHGRQVLPLODUVXEVWUDWHVE\YDU\LQJODVHUSRZHU
IHHGLQJUDWHDQGSRZGHUPDVVVWUHDP7KHUHE\WKHSDUDPHWHUFRPELQDWLRQVIRUWKHVLQJOHZHOGLQJWUDFNVKDYHEHHQ
VHOHFWHGRQWKHEDVLVWKDWWKHZHOGLQJWUDFNVSRVVHVVVXERSWLPDOSURSHUWLHVHJDZHDNERQGLQJWRWKHVXEVWUDWHSODWH
RUDQHQKDQFHGSRURVLW\LQRUGHUWRGHWHFWWKHUHVXOWLQJGHIHFWVE\WKHUPRJUDSKLFDODQDO\VLVDIWHUWKHVROLGLILFDWLRQRI
WKHGHSRVLWHGZHOGLQJWUDFNV7KHLQYHVWLJDWHGSURFHVVSDUDPHWHUFRPELQDWLRQVDUHVXPPDUL]HGLQ7DEOH
7KH JRDO RI H[SHULPHQW ( ZDV WKH HYLGHQFH RI WKH VHQVLWLYLW\ RI WKH WKHUPDO PHDVXUHPHQW HTXLSPHQW
FRQFHUQLQJWKHYDULDWLRQRIWKHPDLQSURFHVVSDUDPHWHUVVHWWLQJV36(LJKWZHOGLQJWUDFNVKDYHEHHQREVHUYHGDW
GLIIHUHQW SURFHVV SDUDPHWHUV :LWKLQ WUDFNV 36 WR 36 WKH ODVHU SRZHU KDV EHHQ WXQHG DW FRQVWDQW SRZGHU
IHHGLQJUDWH,Q36WR36WKHSRZGHUIHHGLQJUDWHZDVWXQHGDWFRQVWDQWODVHUSRZHUVHHWDEOH
7DEOH3URFHVVSDUDPHWHUVIRUWKHHLJKWZHOGLQJWUDFNVRIH[SHULPHQW(
0HDVXUHPHQW,' /DVHUSRZHU>:@ 3RZGHUIHHGLQJUDWH>JPLQ@ )HHGUDWH>PPPLQ@
36   
36   
36   
36   
36   
36   
36   
36   

$VHFRQGH[SHULPHQW(KDVEHHQFRQGXFWHGXVLQJD VSHFLDOO\SUHSDUHGEDVHPDWHULDO'ULOOLQJDQGSXQFKLQJ
KROHV LQ GLIIHUHQW GLDPHWHUV XQWLO  PP ZHUH LQWURGXFHG DQG TXDQWLILHG XVLQJ D PHDVXULQJ PLFURVFRSH 7KH
ZHOGLQJ WUDFNVZHUH WKDQ DSSOLHG RQWR WKRVH IODZV 7KH JRDO RI (ZDV WKH YDOLGDWLRQ RI WKH VHQVLWLYLW\ RI WKH
PHDVXULQJHTXLSPHQWWRVLPSOHGHIHFWOLNHIODZV3URFHVVSDUDPHWHUVZHUHFKRVHQDVLQ36
3.2. Thermographical setup and data acquisition 
7KHWKHUPDOPHDVXUHPHQWVZHUHFRQGXFWHGZLWKWKHDYDLODEOHFDPHUD,5&$0(TXXVN60HTXLSHGZLWKD
0 OHQV IRFDO OHQJWKPP DSHUWXUH)7KLV FDPHUDPRGHO DOORZVPHDVXUHPHQWVZLWK DPLQLPDOZRUNLQJ
GLVWDQFH RI  FPZLWKLQ D VSHFWUDO EDQG EHWZHHQ  DQG  P$PD[LPXP IUDPHUDWH RI MXVW XQGHU N+] LV
UHDFKHGWKURXJKDUHGXFWLRQRIWKHXVHDEOHUHJLRQRILQWHUHVWRIWKHVHQVRUWRSL[HO,QRUGHUWRDGDSWWRWKH
KLJK WHPSHUDWXUH FRQGLWLRQV LQ /0'SURFHVV D KLJK WHPSHUDWXUH ILOWHUZDV LQWHJUDWHG DQG D UHFDOLEUDWLRQ RI WKH
FDPHUDZDV FDUULHGRXW7KXV KLJK VSHHGPHDVXUHPHQWV DUHSRVVLEOH LQ D WHPSHUDWXUH UDQJHEHWZHHQ&DQG
&7KHFRQILJXUHGLQWHJUDWLRQWLPHZDVVHWWRVSHUIUDPH7KHVHQVLWLYLW\RIWKHFDPHUDLVDERXW.DW
&DQGDERXW.DW&7KHZHLJKWRIWKHFDPHUDLVDERXWNJWKHUHIRUHWKHFDPHUDZDVPRXQWHGRQD
WULSRGVHHILJ:LWKLQWKHUHVXOWLQJWKHUPRJUDSK\VHTXHQFHVWKHZHOGLQJWUDFNLVWKXVPRYLQJGLDJRQDOO\WKURXJK
WKHLPDJH7KHDFTXLVLWLRQVZHUHSHUIRUPHGDWDZRUNLQJGLVWDQFHRIDERXWFPGLDJRQDOO\LQFOLQHGDWDQDQJOHRI
DERXWIURPWKHJURXQGZKLFKUHVXOWVLQDVSDWLDOUHVROXWLRQRIDERXWPSL[HOHGJHOHQJWK,QHDFKVLQJOH
PHDVXUHPHQWPPVKRUWZHOGLQJWUDFNVZHUHUHFRUGHGUHVXOWLQJLQWKHUPDOVHTXHQFHVRIDERXWLPDJHV
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3.3. Data processing 
2QHRIWKHPDLQJRDOVRIWKHSUHVHQWHGVWXG\LVWKHSURRIRIFRQFHSWRIDFRPSUHKHQVLEOHDSSURDFKIRUHYDOXDWLQJ
WKHPHDVXUHGWKHUPDOLPDJHVHTXHQFHV&RQFHUQLQJ(LWLVLPSRUWDQWWRGHULYHDUHODWLRQVKLSEHWZHHQWKHDSSOLHG
SURFHVVSDUDPHWHUVDQGVSHFLILFIHDWXUHVIURPWKHLPDJHVHULHV2QWKHRWKHUKDQGLQ(ZHLQWHQGHGWRGLUHFWO\
LGHQWLI\ SRWHQWLDO IODZVRU GHIHFWV DV LQKRPRJHQHLWLHVZLWKLQ WKH LPDJH VHULHV )RU WKLV UHDVRQ D SRVWSURFHVVLQJ
FKDLQIRUWKHDFTXLUHGGDWDKDVEHHQLPSOHPHQWHGZKLFKHVVHQWLDOO\FRQVLVWVRIWKHIROORZLQJVL[VWHSV
D &RQYHUVLRQ RI WKH PHDVXUHG LQWHQVLW\ GDWD LQWR WHPSHUDWXUH YDOXHV DFFRUGLQJ WR WKH JLYHQ EODFNERG\
FDOLEUDWLRQFXUYH
E ,QHYHU\IUDPHWKHVHJPHQWDWLRQRIWKHZHOGLQJVSRWGHSHQGLQJRQDWHPSHUDWXUHWKUHVKROG
F 6NLSSLQJRIWKHVWDUWDQGWKHHQGRIWKHZHOGLQJSURFHVV
G &UHDWLRQRIDV\QWKHWLFUHIHUHQFHLPDJHZHOGLQJVSRWVLJQDWXUHE\VXSHUSRVLWLRQRIWKHZHOGLQJVSRWLQDOO
LQGLYLGXDOIUDPHV
H &UHDWLRQRIGLIIHUHQFHVHTXHQFHVZHOGLQJVSRWVLJQDWXUHVXEWUDFWHGIURPWKHRULJLQDOVHTXHQFH
I 'HGXFWLRQRI FKDUDFWHULVWLF IHDWXUHV IURP WKH VLJQDWXUH DQG WKH GLIIHUHQFH VHTXHQFH VXFK DV DUHD RU IRUP
IDFWRUV
)LJ7KHUPDOLPDJLQJVHWXSZLWK,5&$0(TXXVN60ZLWKLQ7UX/DVHU&HOO

)LJJLYHVDQH[HPSODU\LOOXVWUDWLRQRIWKHSURSRVHGSURFHVVLQJFKDLQ7KHZHOGLQJVSRWVLJQDWXUHUHSUHVHQWVWKH
PHDQ VXUIDFH WHPSHUDWXUH GLVWULEXWLRQ DV D UHIHUHQFH RYHU RQH LQGLYLGXDOZHOGLQJ WUDFN ,W LV WKHPDLQ VRXUFH RI
LQIRUPDWLRQ EHLQJ UHODWHG WR WKH DSSOLHG SURFHVV SDUDPHWHUV ILJ D $ PDVN IRU WKH ERUGHU UHJLRQ DURXQG WKH
ZHOGLQJ VSRW LV JHQHUDWHG LQ RUGHU WR IDGH RXW ORFDO GHYLDWLRQV ILJ E 8VLQJ WKLV WKH PHDQ GHYLDWLRQ WR WKH
UHIHUHQFHVLJQDWXUHRI WKHFRPSOHWHVHTXHQFHDVZHOODV WKHYDULDWLRQ LQVLGH WKHPDVNFDQEHFRPSXWHGILJFG
:LWKLQ WKHYDULDWLRQ LPDJH WKHUH DUH WZR UHJLRQVZLWKKLJKHU EULJKWYDULDWLRQVQHDUD UHJLRQRI ORZHUYDULDWLRQ
GDUN7KLVPLJKWEHUHODWHGWRWKHUHJLRQZKHUHWKHPDWHULDOLVLQOLTXLGVWDWHDQGRUZKHUHWKHSRZGHUVWUHDPIURP
WKH WKUHH QR]]OHV LV IRFXVVHG 7KH WKUHVKROG IRU VHJPHQWDWLRQ RI WKH ZHOGLQJ VSRW ZDV FKRVHQ LQ WKH IROORZLQJ
H[SHULPHQWVWREHDW&




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)LJ([HPSODU\LOOXVWUDWLRQRIWKH³VWDWLF´LPDJHSURFHVVLQJUHVXOWVIURPOHIWWRULJKWDUHIHUHQFHVLJQDWXUHRIWKHZHOGLQJVSRWEPDVN
FPHDQGHYLDWLRQDQGGGHYLDWLRQRYHUWKHFRPSOHWHVHTXHQFH
5HVXOWV
4.1. Experiment E01 
:LWKLQWKHH[SHULPHQW(FRQVLVWLQJRISDUDPHWHUVHWWLQJVWKHVKDSHUDWLRRIWKHSULQFLSDOD[HVDQGWKHDUHD
RI WKHZHOGLQJVSRWZHUH LGHQWLILHGDVVLJQDWXUHIHDWXUHV WRGLVWLQJXLVKEHWZHHQSUHIHUUHGDQG ORZTXDOLW\SURFHVV
SDUDPHWHUVILJ7KHSUHIHUUHGSURFHVVSDUDPHWHUV36DQG36ZHUHSUHYLRXVO\GHWHUPLQHGH[SHULPHQWDOO\
,WFDQEHHVHHQWKDWWKHVHSUHIHUUHGSDUDPHWHUVHWWLQJVUHVXOWLQQHDUO\LGHQWLFDOVLJQDWHXUHIHDWXUHVZKHUHDVDOORWKHU
SDUDPHWHUVFRQWLJXUDWLRQVGHYLDWHIURPWKHVHYDOXHV,Q36WR36WKHODVHURXWSXWZDVVHWORZHUSRZHUZKLFK
OHDGVWRDVPDOOHUDUHDRIWKHUHVXOWLQJZHOGLQJVSRWVLJQDWXUH+RZHYHULQWKHSDUDPHWHUVHWWLQJV36WR36WKH
SRZGHUIHHGLQJUDWHZDVLQFUHDVHGZKLOHOHDYLQJWKHODVHURXWSXWFRQVWDQW$KLJKSRZGHUIHHGLQJUDWHOHDGVWRYHU\
HORQJDWHGVLJQDWXUHVGXHWRWKHLQVXIILFLHQWERQGLQJWRWKHEDVHPDWHULDO7KHLQVXIILFLHQWERQGLQJRQLWVVLGHOHDGV
WRDORZWKHUPDOFRQGXFWLRQDQGWKHUHIRUHWRDVORZGHFD\RIWKHWHPSHUDWXUHVLQWKHUHJLRQµEHKLQG¶WKHIRFDOVSRW
7KXV HVSHFLDOO\ D FRPELQDWLRQ RI ERWK IHDWXUHV PLJKW OHDG WR D UHOLDEOH HYDOXDWLRQ RI WKH FXUUHQW ZHOGLQJ VSRW
TXDOLW\DQGLVWKHUHIRUHVXLWHGWRPRQLWRULQJWKHFXUUHQWO\DSSOLHGSURFHVVSDUDPHWHUVHWWLQJV
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
)LJ2XWFRPHRIH[SHULPHQW(/HIWKDQGVLGHWRS3KRWRJUDSKVRIWKHZHOGLQJWUDFNVSURGXFHGZLWKGLIIHUHQWSDUDPHWHUVHWWLQJV/HIW
KDQGVLGHERWWRP7ZRLQGLYLGXDOFRORUFRGHGWKHUPRJUDSKLFLPDJHVRIWKH36DQG36VHWWLQJV7KHRUDQJHDUURZLQGLFDWHVWKHPRYHPHQW
GLUHFWLRQRIWKHODVHUKDHDG5LJKWKDQGVLGH&KDUDFWHULVWLFIHDWXUHV³6LJQDWXUHDUHD´DQG³UDWLRRISULQFLSDOD[HV´IRUDOOSDUDPHWHUVWLQJV7KH
SUHIHUUHGSDUDPHWHUVHWV36DQG36VLJQLILFDQWO\GLIIHUIURPWKHRWKHUV
4.2. Experiment E02 
,QDGGLWLRQ WR WKH UHFRJQLWLRQRIDQRPDOLHV LQ WKHDSSOLHG/0'SURFHVVSDUDPHWHUVHWWLQJVXVLQJFKDUDFWHULVWLF
IHDWXUHVIURPWKHVLJQDWXUHHDFKLQGLYLGXDOIUDPHLVPRUHRYHUWREHHYDOXDWHGWRLGHQWLI\SRWHQWLDOGHIHFWVZLWKLQWKH
PDWHULDO,QRUGHUWRWHVWWKLVDELOLW\ZLWKWKHSURSRVHGDSSURDFKZHWULHGWRREVHUYHWKH/0'SURFHVVLQSUHVHQFHRI
PRUH RU OHVV UHDOLVWLF IODZV 7KH H[SHULPHQW VHULHV ( FRQVLVWHG RI IRXU LQGLYLGXDO PHDVXUHPHQWV ZLWK VXFK
DUWLILFLDOO\LQFRUSRUDWHGIODZVVHHILJWRSURZ
x VHULHVRIGULOOKROHV%ZLWKPPGLDPHWHUDQGPPGHSWKORVVRIPDWHULDODVZHOODV 
x  VHULHV RI SXQFKPDUNV . . . ZLWK YDU\LQJ GLDPHWHUV  PP  PP DQG PP QR ORVV RI
PDWHULDO

,Q ILJ  PLGGOH URZ WKHPHDQ WHPSHUDWXUH GHYLDWLRQRI HYHU\ LQGLYLGXDO IUDPH WR WKH UHIHUHQFH VLJQDWXUH LV
VKRZQDVDOLQHSORWZKHUHXSRQWKHWHPSHUDWXUHGHYLDWLRQLVFDOFXODWHGZLWKLQWKHPDVNVHHILJF7KHGULOOKROHV
OHIW%FOHDUO\VWLFNRXWDVSHDNVRIWKHPHDVXUHGVLJQDOZKLOHWKHPHGLXPVL]HGSXQFKPDUNVULJKW.GRQRW
UHVXOW LQ D YLVLEOH FRQWUDVW LQ WHPSHUDWXUH LQ WKLV UHSUHVHQWDWLRQ:KHQ WKH LQGLYLGXDO IUDPHV DUH YLHZHG ORFDOO\
SXQFKPDUNVFDQEHVHHQFOHDUO\DVZHOO

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
)LJ([SHULPHQW(7RSURZVHULHVRIGULOOKROHVDQGSXQFKPDUNVWKDWZHUHXVHGDVDUWLILFLDOIODZVLQGLIIHUHQWVL]HV5LJKW
0LFURVFRSLFDOO\PHDVXUHGJUDQXODULW\IURP.DERXWPP0LGGOHURZ/HIWKDQGVLGH0HDQWHPSHUDWXUHGHYLDWLRQIURPUHIHUHQFH
VLJQDWXUHIRUGULOOKROHV%5LJKWKDQGVLGHPHGLXPVL]HGSXQFKPDUNV.7KHGULOOKROHVDUHFOHDUO\YLVLEOHDVWKUHHSHDNVZKHUHDVWKH
SXQFKPDUNVFDQQRWEHUHFRJQL]HGLQWKLVUHSUHVHQWDWLRQ%RWWRPURZ7KUHHIUDPHVRXWRIWKHWKHUPRJUDSK\VHTXHQFHRIDERYHSXQFKPDUNV.
7KHSXQFKPDUNVFDQEHVHHQFOHDUO\ZLWKLQWKHUHGPDUNHU7KHGHIHFWFRQWUDVWWKURXJKWKHSXQFKPDUNLVHVWLPDWHGWREHDERXW.

,Q ILJ ERWWRP URZ WKUHH IUDPHV IURP WKHPHDVXUHG VHULHV.DUH VKRZQ%RWWRP ULJKWRI WKH UHG OLQH WKH
SXQFKPDUNLVYLVLEOHDVDGDUNURXQGVSRWKRZHYHUDVH[SHFWHGIURPWKHVLPXODWLRQVRQO\IRUDIHZPLOOLVHFRQGV
XQGWKHUHIRUHRQO\LQYHU\IHZIUDPHV'XHWRWKHKLJKWHPSHUDWXUHJUDGLHQWDWWKLVVSRWDQGWKHQRQFRQVLGHUDWLRQRI
WKHYDU\LQJHPLVVLRQFRHIILFLHQWV WKHFRQWUDVWRI WHPSHUDWXUH DSSUR[.FDQRQO\EHHVWLPDWHG ,WVKRXOGEH
QRWHGWKDWWKHSXQFKPDUNVQRORVVRIPDWHULDOLQFRQWUDVWWRWKHGULOOKROHVFDQRQO\EHVHHQEHIRUHWKHDSSOLFDWLRQ
RIWKHODVHUSRZGHUVWUHDP,QWKH³WUDLO´RIWKHZHOGLQJVSRWLHDIWHUWKHZHOGLQJRIWKHSXQFKPDUNWKHUHDUHQR
DQRPDOLHV YLVLEOH LQ WKH WHPSHUDWXUH SURILOH 7KLV LQGLFDWHV WKDW LQKRPRJHQHLWLHV LQ WKHPDWHULDO ZLWKRXW ORVV RI
PDWHULDOGRQRWKDYHDQHJDWLYHHIIHFWRQWKHZHOGLQJEHDG7KHVPDOOHVWSXQFKPDUNV.GLDPHWHUDERXWPP
ZHUHQRWFOHDUO\YLVLEOHZLWKLQWKHWKHUPRJUDSKLFLPDJHVHTXHQFHV
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'LVFXVVLRQDQGFRQFOXVLRQ
:LWKLQ WKH VFRSHRI WKHSUHVHQWHG UHVHDUFK WKHXVHRI WKHUPRJUDSK\ IRU WKHTXDVL LQVLWXGHWHFWLRQRIPDWHULDO
GHIHFWV LQ WKH ODVHU PHWDO GHSRVLWLRQ SURFHVV ZDV LQYHVWLJDWHG 7KH H[SHFWHG GHIHFW FRQWUDVW IRU VLPSOH GHIHFW
JHRPHWULHVKDYHEHHQLQYHVWLJDWHGDQGFRQVLGHUHGDVKLJKHQRXJKIRUEHLQJGHWHFWHGZLWKWKHDYDLODEOHHTXLSPHQW
7ZRH[SHULPHQWVKDYHEHHQSHUIRUPHGVKRZLQJWKDW
DLQYDOLGSURFHVVSDUDPHWHUVDQGDODFNRIFRQQHFWLRQRIWKHGHSRVLWHGPHWDOOD\HUFDQEHUHFRJQL]HGWKURXJK
WKHVLJQDWXUHRIWKHZHOGLQJSRLQWDQG
EPDWHULDOIODZVXSWRDFHUWDLQVL]HFDQEHUHFRJQL]HGWKURXJKLQKRPRJHQHLWLHVZLWKLQLQGLYLGXDOIUDPHVRIWKH
WKHUPRJUDSKLFVHTXHQFH
6R IDU QR WKHUPDO HYLGHQFH KDV EHHQ VHHQ IRU SRWHQWLDO IODZVZLWKLQ WKH FRROLQJ ODJ 7KHPDLQ GLIILFXOW\ LQ
SURYLQJWKHYDOLGLW\RIWKHSURSRVHGDSSURDFKFRQVLVWVLQDUHSURGXFLEOHPDQXIDFWXULQJRIVDPSOHVZLWKYHU\VPDOO
GHIHFWV
7KHQH[WH[SHULPHQWDOVWHSVZLOOFRQVLVWLQDVHWXSZKHUHWKHWKHUPRJUDSK\FDPHUDLVDWWDFKHGWRWKHODVHUKHDG
IRUDFHQWHUHGLPDJLQJRIWKHPHOWLQJVSRWDVZHOODVDQRSWLPL]HGJHRPHWULFDOSRVLWLRQLQJIRUHQKDQFLQJWKHVSDWLDO
UHVROXWLRQRIWKHUPDOLPDJLQJ$WWKHVDPHWLPHVLPXOWDQHRXVPHDVXUHPHQWVZLWKWKH'VXUIDFHVFDQQLQJVHQVRU
ZLOOEHSHUIRUPHG7KXVGDWDRIWKHWZRPRGDOLWLHVDUHIXVHGIRULPSURYHGGHIHFWYLVLELOLW\
$FNQRZOHGJHPHQWV
7KHZRUNKDVEHHQFDUULHGRXWZLWKLQWKH)RUVFKXQJVYHUEXQG1H[W*HQHUDWLRQ7RROVIXQGHGE\WKH%D\HULVFKH
)RUVFKXQJVVWLIWXQJ
5HIHUHQFHV
(OKDGM 6 <DQJ 670DWWKHZV0- &RRNH '- %XGH -' -RKQVRQ0 )HLW0 'UDJJRR 9 %LVVRQ 6(  +LJK WHPSHUDWXUH
WKHUPRJUDSKLFPHDVXUHPHQWVRIODVHUKHDWHGVLOLFD%RXOGHU'DPDJH6\PSRVLXP%RXOGHU&26HSW
*UXEHU'6LPXODWLRQXQG9DOLGLHUXQJGHV:lUPHIOXVVHVDQ3UREHQYRQ6FKZHLUDXSHQ%DFKHORUWKHVLV7+1XUHPEHUJ*HUPDQ\
*OKDQ $  $SSOLFDWLRQ RI 3\URPHWU\ DQG ,57KHUPRJUDSK\ WR +LJK 6XUIDFH 7HPSHUDWXUH0HDVXUHPHQWV SUHVHQWHG DW0HDVXUHPHQW
7HFKQLTXHVIRU+LJK(QWKOS\DQG3ODVPD)ORZV5KRGH6DLQW*HQHVH%HOJLXP2NW
.UDXVV+(VFKH\&=DHK0)7KHUPRJUDSK\IRU0RQLWRULQJWKH6HOHFWLYH/DVHU0HOWLQJ3URFHVVVIIV\PSRVLXP
.UDXVV+=HXJQHU7=DHK0)7KHUPRJUDSKLF3URFHVV0RQLWRULQJLQ3RZGHU%DVHG$GGLWLYH0DQXIDFWXULQJLQ3URFHHGLQJVRIWKH
WK$QQXDO5HYLHZRI3URJUHVVLQ41'(%RLVH,$86$-XO\
.UDXVV+=HXJQHU7=DHK0)/D\HUZLVH0RQLWRULQJRIWKH6HOHFWLYH/DVHU0HOWLQJ3URFHVVE\7KHUPRJUDSK\WK,QWHUQDWLRQDO
&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHV/$1(
5LHGHU+'LOOKRHIHU$6SLHV0%DPEHUJ-+HVV72QOLQH0RQLWRULQJRI$GGLWLYH0DQXIDFXWULQJ3URFHVVHV8VLQJ8OWUDVRXQG
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